Generic interactions e.g. the Coulomb or other long ranged radially symmetric repulsive interactions between monomers of bead-spring model of a semi-flexible polymer induce instabilities in a initially straight polymer chain to form long lived helical structures. This mechanism can explain the spontaneous emergence of helices in stiff (bio-)polymers as effective charge of the chain increases. The helix formation is independent of the chemistry and torsional potentials are not used. So this method can be used to synthesize helical springs at length scales of nm-10µ.
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I. INTRODUCTION
Creating emergent structures through intelligent engineering of physical interactions between macro-molecules is a versatile method to self-assemble or self-organize structures with a target morphology. A particular macromolecular morphology of great interest across disciplines is the helix, as it is a recurring motif across chemistry, biology [1] [2] [3] and physics [4] [5] [6] [7] [8] . Forging helical structures at the nm to 10µ length scales remain challenging, though helical springs are ubiquitous in NEMS/MEMS devices [9, 10] and helical micro-swimmers [11] [12] [13] [14] are used for micro-rheology . These helices are produced primarily by various "bottom up approaches" such as vapour deposition which is dependent on the detailed chemistry of the constituent atoms or alternatively using helical templates [15] [16] [17] [18] [19] [20] [21] [22] or helices emerge due to suitable confinement effects [23, 24] . It would be of interest to devise alternate strategies to obtain spontaneously formed helical architectures at nm − µ length scales using physical forces by approaches which remain independent of chemical details of the monomer constituent.
Here we show emergent helical structures in a (unconfined) bead spring polymeric chain using generic interactions. Our computer simulations unexpectedly show that helical structures can be obtained by inducing instabilities with either Coulomb interactions or other long ranged power law repulsive interactions between monomers starting out from a straight semi-flexible polymeric chain. We discuss two different scenarios where we obtain helical order without the use of torsion inducing potentials or hydrogen-bond mimicking potentials acting between monomers. Thermal fluctuations play a crucial and critical role in the the formation of helical structures. In addition, we induce time dependent potentials where the charge of polymer varies with time (say as pH changes with time). As a consequence, helices are formed periodically in phase with the driving, and at intermediate times the semi-flexible chain straightens up .
We use the bead spring model of a polymer for our simulations. The model polymer could be a real poly- * apratim@iiserpune.ac.in mer, or it can be string of colloids stitched together to form a semi-flexible polymeric chain [25, 26] . Thereby, the monomer size and the number of beads (N) in the chain determine the length scale of helices formed. The unit of length in our study is a, where a is the equilibrium length of the harmonic-spring with energy U H = κ(r−a) 2 between adjacent monomers; r is the distance between monomers with κ = 20 × k B T /(a) 2 for Case A with repulsive Coulomb interactions U c = ǫ c * (a/r) between the monomers with ǫ c = 87.27k B T . Case B corresponds to κ = 10 × k B T /(a) 2 with the additional interaction between the monomers of the form U d = ǫ d * (a/r) 3 with ǫ d = 107.70k B T with cutoff at r c = 4.0a. Diameter of each monomer is σ = 0.727a, and excluded volume (EV) of monomers are modeled by the WCA (Weeks Chandler Anderson) potential.
The polymeric chain is semi-flexible; the corresponding bending energy U b is U b = ǫ b cos(θ), where θ is the angle between vectors (−r i , r i+1 ); r i is the vector joining monomer i − 1 and its neighbouring monomer i along contour. The thermal energy k B T = 1 sets the energy unit. We performed overdamped Brownian dynamics simulations where the friction constant sets the time unit. We observe the polymer dynamics by always starting out from the same straight unstable initial condition (unless specified otherwise): a linear polymer chain of 49 monomers is placed along the y axis with adjacent monomers at a distance of a from each other. The fluctuation dissipation theorem determines the random force on each particle. For studies with cases (A) and (B), we choose ǫ b = 10k B T (corresponding to persistence length ℓ p = 11a) and 80k B T , respectively. We use box-size ≫ 50a such that periodic boundary conditions are irrelevant. Hence we do not use Ewald technique to calculate Coulomb interactions as self interactions with periodic images of the monomers are irrelevant.
As the polymer starts out from initial configuration (refer Fig.1a ), the thermal and repulsive forces from U d (or U c ) make the linear structure unstable and it forms a kinked structure ( Fig.1b ). Then the helical conformation emerges at a time t ∼ τ as seen in Fig.1c before it dissolves away at times t >> τ (Fig.1d ). The unit time of the problem chosen as τ = (ζa 2 /k B T ), the time taken for a isolated monomer particle to diffuse a distance of a. velopment of the helical order though ǫ c , ǫ d and κ, ǫ b are all ≫ k B T . A straight polymer configuration at T = 0 stretches out but never forms helices as all the forces are along y axis. Movies S1, S2 helps visualize the instability for Case-A & case-B, respectively, and movie S3 is for Case B with k B T = 0 (refer Supplementary).
We quantify the emergence of helicity as a function of time by calculating and plotting two quantities in Fig.2 , the global order parameter H4 and the local order parameter H2 where,
A perfect helix in the continuum picture with infinitesimal r i , r i+1 vectors will have vectors u i pointing along the helix axis and hence will have a high value of H4. However, if one obtains a helical structure where half of the chain is right handed, and the rest of it is left-handed, H4 will be zero. Hence, we need the other parameter H2 to identify local helical order and one needs to obtain finite values of both H4 and H2 to identify the presence of a helix [6, 27] . A simple semi-flexible polymer chain (U c = 0 & U d = 0) shows H2,H4 values close to 0 as expected for a chain bent due to thermal fluctuations. But the polymers with additional interactions U c or U d lead to the formation of transient helices with finite values of H2, H4. The time taken for the helix to form is ≈ 0.5τ . We also investigated the emergence of helices for chains of 25 and 100 monomers, respectively (refer supplementary). A chain of 100 monomers has approximately 5 helical segments and thereby has relatively lower values of H4 since it may have different segments of opposing handedness.
But why are the helices formed by the semi-flexible chains in the presence of spherically symmetric repulsive potentials U c or U d ? What role does temperature play?
After time t = 0, the thermal kicks shift the position of particles from a straight line initial condition: this is accentuated by the repulsive U c (or U d ) which gets the polymer to additionally stretch out and increase the distances between monomers. This in turn leads to increase of U H and U b leading to a unstable kinked structure (Fig.1b) . Thereafter, the repulsive interaction further forces the i + 3-th monomer to move out of the plane formed by monomer-triplets of i, i + 1, i + 2 to reduce repulsive energy U c (or U d ) at the cost of increasing U H and U b , which gives rise to a net torsion. In turn, the i ′ = i + 1th monomer repels and pushes the i ′ + 3 monomer out of the plane of i ′ , i ′ + 1, i ′ + 2 monomers and the instability propagates along the chain and leads to a maximum in U b FIG. 3 . Subplot (a) shows H4 and H2 versus time a for polymer chain with Uc and U d at kBT = 0 starting from a curved initial conformation. Subplot (b) shows H4 and H2 versus time for a polymer chain with Uc and U d at kBT = 0 starting from a initial condition in which the polymer aligned withŷ has small random displacements alongx andẑ and U H at ≈ 0.1τ . Subsequently, this structure evolves to form helical structures at time τ to lower both U c and U b such that the bending is gradual over the length of the polymer. However, even gentle, uniform bends are penalized by U b and hence at times t > 2τ the uniform helical structures start to gradually locally unwind. This can be understood by looking at the energies U c , U b and U h per particles versus time in Fig.2(e,f) .
Thermal fluctuations play a crucial rule in development of the helical order. At T = 0, starting from a straight polymer initial configuration alongŷ, the polymer stretches out but never forms helices as forces arising from U c (or U d ) and U H act along the line joining the centres of the monomers. At T > 0, thermal fluctuations introduce deviations in positions away from the straight line, which leads to forces along thex and theẑ directions, which in turn lead to the emergence of helical conformations when U c = 0 (or U d = 0). To test this, we ran a simulation at temperature T = 0 starting from a uniformly curved initial condition such that the chain forms an arc in x−y −z plane (details in supplementary). Such an initial conformation again leads to helical instabilities due to forces along the x axis and the z axes. This is substantiated by data in Fig.3a for U c and U d . Alternatively, starting from an initial conformation with small random displacements along x and z coordinates of the particles we still obtain a helical conformation at temperature T = 0 as seen in Fig.3b . Since the helical instabilities are triggered by random fluctuations due to thermal noise at finite k B T , we do not have any control on the handedness of the chain.
We emphasize that the balance of all the three interactions play a critical role in the formation of the helices. Figs.4(b,e) . At higher values of ǫ c , ǫ d , < H2 > saturates. A higher value of ǫ b in U b hinders the formation of kinks that subsequently give rise to the helical structures, thereby, suppressing the instability: refer Figs.4(c,f) . Thus only in a certain range of these interactions of U c (or U d ) and U b do we obtain helices as shown in the state diagrams Figs.4(g,h) for the two cases. To obtain Figs.4(g,h) , we systematically varied the strength of the interactions by varying ǫ c (ǫ d ) and ǫ b and identify the structure as a helix only if the value of < H2 > is greater than 0.2.
What determines the pitch of the helix and how can we control it? The procedure for calculating the pitch (in units of monomers) is detailed in the supplementary section. Once formed, the pitch of the helix increases with time as the helical structure formed gradually unwinds over time to decrease bending energy costs. To that end, we show the variation of pitch versus time in Fig.5a for a chain length of N = 100 monomers for semiflexible polymer with U c acting between the monomers. A polymer with large N is chosen so that the pitch can be better calculated. The pitch increases with increasing ǫ b (refer Fig.5b ) as a higher value of ǫ b results in a higher energy cost associated with the local bends along the polymer chain. Thus a higher value of ǫ b gives rise to fewer loops along the chain, or a higher value of pitch. We did not observe any significant dependence of the pitch on κ and ǫ c (or ǫ d ). The corresponding data for the helix pitch versus ǫ d are given in the supplementary.
As we saw earlier, that the formation of the helix depends on the strength of the Coulomb interaction ǫ c or on the value of ǫ d . If the distance between monomers is a = 10nm, then at T = 300K ǫ c = 727k B T corresponds to a charge of ≈ 12e on each monomer. As a reference, each nucleotide of DNA of size ≈ 3.3Å has a charge of ≈ −1e at physiological pH. The question is if the value of ǫ c in the model polymer chain increases with time, i.e. a neutral semi-flexible chain becomes charged (e.g. due to change in pH), does the polymer form a helix starting out from a relatively straight initial configuration?
To that end, we use a time dependent potential of the form U c (t) = ǫ c (t)(a/r) where ǫ c (t) = ǫ 0 c * (cos(2πt/T 0 )) 2 where T 0 = 0.13τ , ǫ 0 c = 727.3k B T and t denotes the simulation time. The values of ǫ b and κ was changed to 300k B T & 1500k b T /(a) 2 , respectively, to have a stiffer chain. We observe that we obtain helices, recurringly. The helices form, then dissolve away such that the polymer becomes straight as ǫ c (t) becomes zero, and then form again. To substantiate that we show H2 for a chain of 49 monomers under the influence of U c (t) and also for a chain of 49 monomers such that U c = 0 in Fig.6a . We also show data for the same values of κ and ǫ b but U d (t) = (769.34(a/r) 3 ) * (cos(2π * t/T 0 )) 2 in Fig.6b , where again we obtain helices recurringly. The helices formed for the these high values of κ and ǫ b dissolve away very quickly hence, we choose relatively low values of T 0 for FIG. 6 . Subfigure (a) shows H2 versus time t, scaled by the relaxation time τ , for a chain of 49 monomers with a time dependent Uc(t) = ǫ 0 c * (a/r)(cos(2πt/T0)) 2 with T0 = 0.13τ over many cycles. H2 varies periodically nearly in phase with the forcing. The inset shows that the periodicity is T0/2. (b) Subfigure shows H2 versus time for U d (t) which has a similar functional form. We also give H2 data for when Uc = 0 and U d = 0 for comparison of response.
this study. The time scale τ is decided by the value of the friction constant ζ.
Discussions: In conclusion, we demonstrate that spherically symmetric long ranged repulsion can give rise to helices in a semiflexible polymer, which we find to be completely non-intuitive apriori. There have been previous reports of extremely short lived helix formation in polymers in bad solvents undergoing collapse due to hydrophobic forces [6] which act at nm length scales. Others have observed helices on optimally packing tubular filaments at a particular ratios of pitch and radius [4] . But the authors comment that compaction of a chain of spheres gives very different results from compaction of a tube [1] . We believe our study is the first report of the self-emergence of free standing helical structures using the most generic of potentials which could have profound influence in understanding emergence of such structures at nm-µ length scales, in a variety of situations within the living cell or outside. This is a consequence of the long range of the interactions used which makes the i + 3-th monomer move out of plane to increase the distance between them. Importantly, we have considered the charges on the polymer chains to be unscreened by counterions. Our proposed mechanism can be used to design helical springs for NEMs/MEMs devices at length scales and using material of choice by arresting the relaxation process at a suitable time.
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